To review as best the critical care clinicians can recruit the acute respiratory distress syndrome (ARDS) lungs and keep the lungs opened, assuring homogeneous ventilation, and to present the experimental and clinical results of these mechanical ventilation strategies, along with possible improvements in patient outcome based on selected 
Introduction
In healthy humans, automatic stimuli in the respiratory center of the brainstem command the respiratory muscles to contract, inflating the thorax and lungs from their equilibrium position (functional residual capacity), allowing normal ventilation and oxygenation with a minimum requirement for energy expenditure [1] .
When a genetically predisposed healthy human is exposed to a risk factor, increased permeability pulmonary edema rich in proteins can be triggered, leading to the acute onset of respiratory failure, termed acute lung injury (ALI)/acute respiratory distress syndrome (ARDS; Fig. 1 ). During this disease process, the volume of extravascular lung water and the lung weight rise and promote the collapse of peripheral airways and lung parenchyma, mainly in the gravitationally dependent lung regions (Fig. 2) . This phenomenon can be exacerbated by anesthesia and in conditions of chest wall impairment [2-4]. As a consequence, the pleural pressure gradient increases, respiratory effort and the work of breathing increase, and gas exchange deteriorates.
Because the main phenomenon of the hypoxemia of ALI/ARDS patients is the high shunt fraction, rationally, the ALI/ARDS patients are refractory to oxygen administration via face mask [5] . In a first step of critical care management of these patients, the use of noninvasive ventilation may hold advantages not only for gas exchange but also by avoiding mechanical ventilation-induced lung injury and infection and other complications. Nevertheless, the published clinical trials using noninvasive positive pressure ventilation in the ARDS subgroup of hypoxemic respiratory failure did not show significant benefit in avoiding intubation and mechanical ventilation and in hospital mortality compared with oxygen alone [6] .
Recently, the authors' group studied eight early ALI/ARDS patients (initial mean PaO 2 /fraction of inspired oxygen [FIO 2 ], 176.7 ± 62. Noninvasive positive pressure ventilation was administered by total facemask coupled to a BIPAP machine, and after a recruitment maneuver was performed (EPAP of 20 cm H 2 O and IPAP of 20 cm H 2 O for 2 minutes), an adequate EPAP was set according to the best oxygenation and minimum gradient of carbon dioxide (PaCO2-ETCO2; Fig. 3 ). The PaO 2 /FIO 2 ratio increased from 177 ± 63 to 262.3 ± 83 after the recruitment maneuver and 263 ± 84 after the adequate positive endexpiratory pressure (PEEP) level was set (12 ± 5 cm H 2 O). The maneuver was well tolerated, only two patients needed intubation and mechanical ventilation with a protective ventilatory strategy, and all patients were discharged from the intensive care unit and from the hospital. The use of noninvasive ventilation with a recruitment maneuver and PEEP titration needs further clinical controlled and randomized investigations in the near future.
When ARDS patients need intubation and mechanical ventilation to maintain ventilation and oxygenation, they frequently require a high FiO 2 to maintain acceptable arterial oxygenation and a high minute ventilation to maintain normal arterial carbon dioxide levels [4] . Most recently, Nuckton et al. [7] showed that dead space fractions were elevated (0.58 ± 0.09) early in the course of 179 ARDS patients, and dead space fraction was an independent risk factor for death. Gattinoni et al. Thoracic radiograph and CT of acute respiratory distress syndrome lungs and the concept of pressure-volume envelopes On conventional thoracic chest radiographs, patients with ARDS demonstrate diffuse parenchymal infiltrates. However, CT scans demonstrate that ARDS is an inhomogeneous process (lung densities are primarily located in dependent lung regions along a gravitational gradient) (Fig. 2) . The CT-described morphology of ARDS varies with the following [9,10]:
Etiology (primary or secondary ARDS) Mechanical ventilation parameters (PEEP, tidal volume, and recruitment maneuvers) Patient body position (there is a redistribution of densities when the patient is shifted from the supine into the prone position) Time (over time, there is an increase in the parenchymal fibrosis that causes distortion of the interstitial and bronchovascular markings and a dramatic increase in subpleural cysts and bullae. It is important to characterize this phase of ARDS because there is a decrease in PEEP and a reduced response to recruitment maneuvers and, possibly, a good response to corticosteroids [11] ) Concept of pressure-volume envelopes of the respiratory system assessed by thoracic tomography and its importance in avoiding ventilator-induced lung injury
The respiratory system of ARDS patients exhibits a decreased compliance and an increased resistance compared with that of healthy humans. These differences are reflected in differences in the inflation limb characteristics of the pressure-volume (P-V) curve, which is shifted down and to the right and is curvilinear with lower and upper inflection points. The deflation limb of the P-V curve displays a variable number of distinct subsections depending on the degree of lung injury and the maximum inspiratory pressure achieved in the respiratory system during the previous inspiration. An important finding in ARDS is that during deflation, varying degrees of lung volume can exist at the same pressure depending on the maximal inspiratory pressure achieved during the previous inflation (Fig. 4) . This behavior is characterized as the multiple pressure-volume envelopes of the respiratory system in ARDS. Such behavior can be used to advantage during any lung recruitment trial or during PEEP titration. The history of mechanical ventilation in the previous breaths strongly determines the working envelope at the current breath and the chances of promoting intratidal recruitment during mechanical ventilation [12, 
Conceptually, protective ventilation for the ARDS lung should avoid injury from overdistension and from repeated opening and closing of alveoli (Fig. 4 , 5 [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The authors performed a tomography study in ARDS patients and observed that with zero end-expiratory pressure (ZEEP; expiratory pause), there is a huge amount of collapsed tissue at the gravitational-dependent lung zones (Fig. 6) ; with PEEP set 2 cm H 2 O above the lower inflection point of the P-V curve, there is still 20 to 30% of the total lung mass collapse, producing shunt levels of similar magnitude (Fig. 5) . Then, with a stepwise recruitment maneuver achieving plateau pressures as high as 60 cm H 2 O, less than 5% of the total lung mass collapse can be observed (Fig. 6) . The lungs showed diminished dependent alveolar densities on the deflation limb on the P-V curve (after recruitment maneuvers) when equivalent pressures were applied during the inflation limb. This finding is in accordance with the concept of hystereis and multiple P-V envelopes. In ARDS lungs, this particular behavior is mainly explained by recruitment during inspiration, followed by derecruitment during expiration, provided that the distribution of closing pressures is shifted to the left in comparison with opening pressures.
The maximal envelope of the P-V curve that can be achieved in ARDS patients without risk of microscopic or macroscopic alveolar disrupture and the potential of bacterial translocation is still unknown ( . Theoretically, the maximal envelope of the P-V curve that can achieve during inspiration without alveolar disruption depends on ARDS type (primary 3 secondary), ARDS severity (mild 3 severe), ARDS evolution time (early 3 late), chest wall mechanics, and patient position (supine 3 prone and so forth). In this context, the concept of strain, introduced by Gattinoni [32 •• ] in recent years, is very important in the clinical setting and reinforces the need for homogenous lung ventilation in the bedside mechanical ventilation of ALI/ARDS patients. The most important force is not the airway pressure or tidal volume per se but the stress/strain that this airway pressure/tidal volume will generate and how long these stress/strain will be maintained along the time. At bedside, the rough equivalent of stress is the transpulmonary pressure, and the rough equivalent of the strain is the tidal volume/EELV [32
Evidence supporting the use of recruitment maneuvers in acute respiratory distress syndrome: decrement in intensive care unit mortality and decreased inflammatory mediator activation using high PEEP/low tidal volume ventilation plus recruitment maneuvers vs low PEEP/high tidal volume ventilation strategies
Amato et al. [33] demonstrated that a lung-protective ventilation strategy that used recruitment maneuvers (continuous positive airway pressure [CPAP] of 35-40 cm H 2 O for 40 seconds) with higher PEEP and tidal volumes less than 6 mL/kg was associated with a 28-day intensive care unit survival rate of 62%. This contrasted with a survival rate of only 29% with conventional ventilation (the lowest PEEP necessary for acceptable oxygenation with a tidal volume of 12 mL/kg without recruitment maneuvers [number needed to treat = 3; P < 0.001]).
In a post hoc analysis, the same group stratified the 53 patients of the trial into quartiles according to PEEP levels (<7 cm H 2 O, 7-12 cm H 2 O, 12-16 cm H 2 O, and >16 cm H 2 O) and analyzed the 28-day survival rate. PEEP greater than 12 cm H 2 O, and especially greater than 16 cm H 2 O, was significantly correlated with an improved survival rate in these ARDS patients (Fig. 8) [34] . Ranieri et al. [35] corroborated these results by demonstrating that a higher PEEP/low tidal volume ventilation strategy significantly decreased bronchoalveolar lavage and systemic blood levels of tumor necrosis factor-a, interleukin-8, and interleukin-6 compared with low PEEP/high tidal volume ventilation. Recently, Takeuchi et al. [36] used a lavage-injured sheep ARDS model to demonstrate that higher PEEP levels (based on P-V curve analysis) were more effective in maintaining gas exchange and minimizing injury than levels based on adequate oxygenation, even though the former generated higher plateau pressures.
Possible methods of recruiting acute respiratory distress syndrome lungs
The ARDS lungs are recruitable during inspiration and derecruitable during expiration [37, 38] . Among the possible techniques that can be used at the bedside to recruit the ARDS lungs, clinical studies showed that high CPAP levels (40 cm H 2 O for 40 seconds) applied in 22 ARDS patients showed after 2 minutes a 20 ± 3% increase in PaO 2 /FiO 2 in the nonresponder group (n = 11) and a 175 ± 23% increase in the responder group. The responder group had a lower lung and chest wall elastance and had been ventilated for a shorter period with less hemodynamic impairment than the nonresponder group [39] . The same technique, 40-cm H 2 O CPAP for 40 seconds with PEEP set 2 cm H 2 O above the Pflex and 6 mL/kg in 29 ARDS patients, revealed an increment in the PaO 2 /FiO 2 ratio, respiratory system compliance, and 28-day survival rate compared with 24 controls [33] .
Intermittent sighs are also a possible technique to recruit ARDS lungs. This was studied in 10 ARDS patients using three consecutive sighs per minute at 45-cm H 2 O plateau pressure. An instantaneous increase in PaO 2 /FiO 2 and end-expiratory lung volume and a decrease in venous admixture and PaCO 2 during ventilation with sighs were observed. However, these effects returned to baseline within 30 minutes of sigh interruption [40] .
Intermittent high levels of pressure-controlled ventilation were studied in 10 ARDS patients ventilated with PEEP set 2 cm H 2 O above the Pflex and 6 mL/kg tidal ventilation. They were randomized to receive either (1) three cycles of pressure-controlled ventilation (PCV) of 40 cm H 2 O for 6 secs every 3 hours, and whenever necessary; or (2) three cycles of PCV of 40, 50, and 60 cm H 2 O for 6 seconds every 3 hours. In the latter group, they observed a further increment of the PaO 2 /FiO 2 ratio after 1 hour and 6 hours without hemodynamic impairment compared with the group who underwent three cycles of PCV of 40 cm H 2 O [41] .
The addition of 1 sigh per minute with a high PEEP level (38 ± 3.2 cm H 2 O) during the biphasic positive airway pressure mode with pressure support ventilation improved gas exchange and lung volume and decreased respiratory drive in 13 patients with early ARDS [42] .
Intermittent stepwise high PEEP levels with a fixed pressure control maneuver Seventeen clinically stable ARDS patients were studied; after a baseline period using a PEEP of 10 cm H 2 O and 6 mL/kg tidal ventilation, a stepwise recruitment The PEEP titration strategy consisted of small, stepwise decrements of PEEP every 15 to 20 minutes until a drop in PaO 2 greater than 5% of the previous PaO 2 occurred. The PEEP level immediately preceding the level that caused the PaO 2 drop is the minimal PEEP that will maintain the benefit of the lung recruitment maneuver. In this study, the PEEP titration maneuver continued to maintain the benefits of recruitment after 6 hours [43] . All the patients were monitored with continuous intraarterial blood analysis that showed that the high PaO 2 + PaCO 2 could be maintained with a mean PEEP of 22 ± 4 cm H 2 O after the PEEP titration maneuver. If the PEEP was reduced below the titrated level, there was an immediate decrease in PaO 2 .
Prone position as a recruitment maneuver and as a possible rescue therapy in severe acute respiratory distress syndrome Prone positioning is an especially attractive adjunct to recruitment because it applies and sustains a high recruiting force in dorsal regions that are compressed in the supine position by a higher local pleural pressure and the weight of the heart and mediastinal contents. Arterial oxygenation improves in 50 to 70% of ARDS patients in the prone position [44] .
Despite this, a randomized controlled study indicated that placing ARDS patients into the prone position has no effect on survival [45] . However, in a post hoc analysis of this trial, Gattinoni et al. [45] demonstrated that those patients with the most severe ARDS (defined as PaO 2 /FiO 2 <88 and a tidal volume >12 mL/kg) showed a significant improvement (as measured by 10-day survival rate) with prone positioning, suggesting that this can be used as an early rescue maneuver for the most severe cases.
In the authors' experience, many severe cases of ARDS that do not respond to recruitment maneuvers will demonstrate improvement in oxygenation after 6 hours of prone positioning. Perhaps in select patients with severe ARDS, early prone positioning should be used as a rescue therapy in association with lung protective ventilation strategy and recruitment maneuvers.
Importance of maintaining lung recruitment with adequate positive end-expiratory pressure levels after the recruitment maneuver to achieve a homogenous distribution of tidal ventilation
In 2000, the NIH network showed an improvement in survival in ALI/ARDS patients ventilated with tidal volume of 6 mL/kg ideal body weight compared with 12 mL/kg ideal body weight [46] . More recently, a prospective clinical trial evaluating the effect of low versus intermediate PEEP levels (8 vs 13 cm H 2 O) associated However, both conventional and electrical impedance thoracic tomography studies indicate that stepwise PEEP recruitment maneuvers increase the lung volume and recruitment percentage of lung tissue in ARDS patients, and higher levels of PEEP (18-26 cm H 2 O) are necessary to keep the lungs opened and assure a more homogeneous low tidal ventilation.
According to thoracic tomography findings at the bedside, the ARDS lung is recruitable. An ARDS lung that is more homogeneously ventilated may avoid injury from both overdistention and repeated opening and closing of alveoli. The thoracic tomography can assess the effects of the recruitment maneuvers as well as its security and most importantly the adequate PEEP levels to keep the lungs opened after the recruitment maneuvers. With an inspiratory and expiratory pause image acquisition of the lungs, the regional tidal volume distribution can be assessed.
Borges [48] evaluated 11 ARDS patients by thoracic CT scan, gas exchange, and hemodynamics after 6 minutes of zero end-expiratory pressure (ZEEP). This was followed by a CPAP of 40 cm H 2 O for 40 seconds, a PEEP set 2 cm H 2 O above the Pflex, and 6 mL/kg tidal ventilation. A CT scan was then performed at the expiratory phase with a PEEP set at 25 (Figs. 9 and 10 ) and a minimization of the tidal volume recruitment without lung hyperinflation. The 12 studied patients had a mean mechanical ventilation time of 9 days and a hospital survival rate of 75%. Most of them were discharged from the hospital breathing room air with a near normal pulmonary function test, chest radiograph, or CT scan and a very high quality of life.
Regional P-V curves of the thorax were studied in nine anesthetized pigs after repeated lung lavage. The authors found a higher Pflex in the posterior region of the thorax (29.5 cm H 2 O vs 21.5 cm H 2 O in the anterior region). The EIT upper Pflex could be determined in the anterior part of the thorax in all of the animals. However, in the posterior region, no upper Pflex could be determined until a pressure of 50 cm H 2 O was reached. This indicates a different recruitment behavior of the lungs according to the lung region [52] . After lavage in the nine anesthetized pigs, there was a significant increment in the impedance ratio of the anterior part of the thorax divided by that of Using EIT in six ARDS patients, Sipmann et al. [54] found the Pflex of the anterior part of the lung to be 16 cm H 2 O, in contrast with 23.5 cm H 2 O for the posterior region. The total lung P-V curve showed a Pflex of 16.4 cm H 2 O. Borges et al. [55] showed that the EIT provided useful information about opening and closing pressures, allowing a better assessment and optimization of lung ventilation in ARDS patients.
More recently, Van Genderingen et al. [56 •• ] observed that EITcould assess the homogenizing effect of high-frequency oscillatory ventilation on regional lung volume distribution in ARDS, but the thoracic fluid accumulation in the thorax still interferes with the EIT interpretation at bedside.
Conclusion
Continuous online monitoring with EIT at the bedside will allow clinicians to recruit ARDS lungs, adjust the ideal PEEP level, and maintain an adequate tidal volume ventilation (an upper/lower ratio of nearly 1 to keep an open lung and homogenous ventilation; Fig. 11 ).
This optimization of ARDS ventilation-avoiding derecruitment, minimizing the stretch/strain of the lung parenchyma/respiratory system with a homogenous ventilation along the mechanical ventilation time after a recruitment maneuver and adequate PEEP levels, and avoiding disconnections [57 In the near future, high-performance monitoring of regional ventilation (using EIT) at the bedside may help determine the optimal mechanical ventilation of ARDS patients.
References and recommended reading
Papers of particular interest, published within the annual period of review, have been highlighted as: Using the thoracic impedance tomography at bedside to assure a more homogeneous ventilation (an upper/lower ratio of nearly 1) in ARDS patients. In this article, the authors observed that short-term effects of recruitment maneuvers are variable in ALI/ARDS patients receiving mechanical ventilation with low tidal volumes and high PEEP. Beneficial effects on gas exchange in responders appear to be brief, demonstrating that higher PEEP levels could be needed to sustain the effects of recruitment maneuvers. ••
